A stereoselective high performance liquid chromatography method has been developed for the chiral separation of the enantiomers of six antihistamines, doxylamine, carbinoxamine, dioxopromethazine, oxomemazine, cetirizine and hydroxyzine. The effects of mobile phase additive, column temperature and flow rate on the retention time and resolution were studied. Enantiomeric separation of cetirizine, doxylamine and hydroxyzine were achieved on cellulose tris-(3,5-dichlorophenylcarbamate) immobilized on silica gel chiral stationary phase known as Chiralpak IC (R S = 3.74, R S = 1.85 and R S = 1.74, respectively).
Introduction
The antihistamine drugs, such as carbinoxamine, oxomemazine, dioxopromethazine, doxylamine, cetirizine and hydroxyzine, are used to relieve or prevent the symptoms of hay fever and other allergies (such as allergic rhinitis and atopic dermatitis) (1) (2) (3) . It is well known that a pair of enantiomers can have different biological activities and toxicological profiles. For example, in the treatment of urticaria, pharmacological activity has been contributed mainly by R-cetirizine, while S-cetirizine is inactive, so it is necessary to have analytical methodologies for their separation.
Many methods have been reported for the separation of antihistamines, such as capillary electrophoresis (CE), supercritical fluid chromatogram (SFC) and high performance liquid chromatography (HPLC) (4) (5) (6) . Enantioseparation of dioxopromethazine, cetirizine, hydroxyzine and doxylamine by CE have been widely studied (7) (8) (9) (10) (11) (12) . In HPLC, Hu et al. (13) resolved the enantiomers of cetirizine using HPLC on a chiral ovomucoid column. However, protein chiral stationary phases (CSPs) tend to be less stable. Kang et al. (14) separated cetirizine on a Chiralpak AD-H column by LC-MS. In this study, Chiralpak IC, where the chiral selectors is cellulose tris-(3,5-dichlorophenylcarbamate), was used to separate the six antihistamines. Relative to similar columns, it might possess advantages in terms of robustness and the range of mobile phase solvents that can be utilized (15) (16) (17) .
In this study, the effects of organic modifiers, mobile phase additive, column temperature and flow rate on the retention time and resolution of the enantiomers of oxomemazine, doxylamine, dioxopromethazine, carbinoxamine, hydroxyzine and cetirizine (the structures are shown in Figure 1 ) were studied.
Sample preparation
Doxylamine, carbinoxamine, oxomemazine, dioxopromethazine, hydroxyzine and cetirizine were dissolved in appropriate amounts of ethanol. The solutions were all filtered (0.22 µm) to prepare the sample solution.
Chromatographic conditions
The basic solvent of mobile phase was n-hexane, ethanol or isopropanol was chosen as a mobile phase modifier, and DEA was used as the mobile phase additive. The mobile phase was filtered with a 0.45-µm solvent filter and ultrasonically degassed. The detection wavelengths of cetirizine, carbinoxamine, oxomemazine, hydroxyzine and dioxopromethazine were all set at 227 nm, while doxylamine was set at 262 nm. The volume of sample injected was 10 µL.
Results

Effect of alcohol modifier
The effect that the content of mobile phase modifiers had on the six antihistamines was studied. The results are shown in Table I .
Effect of mobile phase additive DEA
The effect that DEA had on doxylamine, carbinoxamine, dioxopromethazine, cetirizine, oxomemazine and hydroxyzine was studied. The results are shown in Table II .
Effect of the content of DEA
Experiments were carried out to study the effect of content of additive DEA on the enantioseparation of doxylamine, cetirizine and hydroxyzine. The results are shown in Table III . t R1 , t R2 : retention times (min); α: separation factor; R S : resolution factor; "-" means that separation was not seen. Chromatographic conditions. The basic solvent of mobile phase was n-hexane, the temperature was at 25°C and the flow rate was 0.8 mL min 
Effect of column temperature
The effect that the column temperature had on doxylamine, hydroxyzine and cetirizine was studied. The results are shown in Table IV .
Effect of flow rate
The effect that the flow rate had on doxylamine, cetirizine and hydroxyzine was investigated. The results are shown in Table V . The chromatogram of oxomemazine, doxylamine, dioxopromethazine, carbinoxamine, cetirizine and hydroxyzine is shown in Figure 2 . Chromatographic conditions. The basic solvent of mobile phase was n-hexane with 0.1% DEA, and the column temperature was at 25°C with a flow rate of 0.8 mL min Chromatographic conditions. Doxylamine: mobile phase was n-hexane-ethanol (90/10, v/v); cetirizine: mobile phase was n-hexane-isopropanol (60/40, v/v); hydroxyzine: mobile phase was n-hexane-isopropanol (90/10, v/v). The column temperature was at 25°C, and the flow rate was 0.8 mL min Chromatographic conditions. Doxylamine: mobile phase was n-hexane-ethanol (90/10, v/v, 0.1% DEA); cetirizine: mobile phase was n-hexane-isopropanol (60/40, v/v, 0.1% DEA); hydroxyzine: mobile phase was n-hexane-isopropanol (90/10, v/v/, 0.1% DEA). The flow rate was 0.8 mL min 
Discussion
Effect of alcohol modifier
The results showed that the enantiomers were not separated well except cetirizine. It was reported that basic or acidic additives in the mobile phase often contribute to improve resolution of chiral compounds (18) . Therefore, DEA was used as a mobile phase additive for the six compounds.
Effect of mobile phase additive DEA
The results showed that the resolution increased significantly, and the retention was decreased with the basic additive DEA, which was due to the interaction between DEA and CSP, which decreased the interaction between the compounds and CSP.
The results also showed that with the increase in the proportion of alcohols, the elution capacity of mobile phase was increased, and the interaction between enantiomers and CSP was decreased, hence the retention time and resolution were decreased.
Effect of the content of DEA
The results indicated that the retention and resolution change little over the DEA concentration range of 0.1-0.3%. Therefore, 0.1% DEA was used.
Effect of column temperature
The parameters are calculated as follows (19):
Here, α = k′ 2 /k′ 1 , α is separation factor, R is the gas constant and T is the temperature in K, Δ R,S ΔH°and Δ R,S ΔS°are enthalpy change and entropy change of two enantiomers from the mobile phase to the stationary phase during the distribution process, respectively. Van't Hoff plots were drawn for ln α vs 1/T for two isomers. Their regression equations are shown in Table VI . The results showed that the linearity of the regression equations was good. From the above equation, the value of Δ R,S ΔH°and Δ R,S ΔS°was calculated (the results are shown in Table VI ). Over the temperature range of 288-308 K, they all conform to |Δ R,S ΔH°| > |TΔ R,S ΔS°|.
Therefore, the chiral separation process of the three compounds was all controlled by enthalpy. As the column temperature increased, a corresponding decrease in retention was observed, the resolution was also decreased. This would be explained by the fact that a thermodynamic process was faster at higher temperatures, which resulted in lower enantiomeric retention.
The results indicated that the column temperature should be carefully controlled for optimum chiral separation of enantiomers. Furthermore, 25°C was closer to room temperature, so the other parameters were optimized at 25°C.
Effect of flow rate
The results showed that the change in separation factor was not significant over the flow rate range of 0.4-1.2 mL min . To reduce the analytical time, the flow rate of 0.8 mL min −1 was used.
Conclusion
The enantiomers of doxylamine, oxomemazine, carbinoxamine, dioxopromethazine, cetirizine and hydroxyzine were first separated with Chiralpak IC. The optimum chromatographic conditions of six compounds are as follows: cetirizine: n-hexane-isopropanol (60/40, v/v, 0.1% DEA), R S = 3.74; hydroxyzine: n-hexane-isopropanol (90/10, v/v, 0.1% DEA), R S = 1.74; doxylamine: n-hexane-ethanol (90/10, v/v, 0.1% DEA), R S = 1.85; oxomemazine, dioxopromethazine and carbinoxamine: n-hexane-ethanol (95/5, v/v, 0.1 DEA), R S = 0.63, R S = 1.20 and R S = 1.22, respectively. The column temperature was at 25°C, and the flow rate was 0.8 mL min 
